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In this paper, multiple device-to-device (D2D) communication underlaying cellular multiuser multiple inputs
multiple outputs (MU-MIMO) systems is investigated. This type of communication can improve spectral efficiency
to address future demand, but interference management, user clustering, and resource allocation are three
key problems related to resource sharing. Interference alignment (IA) is proposed to better mitigate in-cluster
interference compared with a multiplex scheme, and user clustering and resource allocation are jointly
investigated using binary-integer programming. In addition to an exhaustive search for a maximum throughput, we
propose a two-step suboptimal algorithm by reducing the search space and applying branch-and-bound searching
(BBS). To further obtain a good trade-off between performance and complexity, we propose a novel algorithm based
on distance-constrained criteria for user clustering. The simulation results show that the IA and multiplex schemes
acquiring user clustering gains outperform the orthogonal scheme without user clustering. Besides, the proposed
two-step and location-based algorithms achieve little losses compared with the optimal algorithm under low
complexities.
Keywords: D2D communication; Multiuser MIMO; Interference alignment; Location-based; Resource allocation1 Introduction
In recent years, device-to-device (D2D) communication
underlaying cellular infrastructures has attracted consid-
erable attention on both academia and industry. This in-
frastructure permits peer-to-peer communication without
base station (BS) relays but should be under the control
of the BS. With the increasing use of local applications,
such as short-distance data transmission in social net-
works, D2D communication which is an effective proxim-
ity transmission scheme has seen substantial demand.
D2D communication has great potential to improve
spectrum efficiency and system performance by reusing
cellular resources [1,2].
Multiuser multiple inputs multiple outputs (MU-MIMO),
which is regarded as a very important technology, has
been applied in numerous systems, including long-term* Correspondence: wangq@bupt.edu.cn
Wireless Technology Innovation Institute, National Engineering Laboratory for
Mobile Network Security, Beijing University of Posts and
Telecommunications, No. 10, Rd. Xitucheng, Dist. Haidian, 100876 Beijing,
China
© 2015 Wang et al. This is an Open Access arti
(http://creativecommons.org/licenses/by/4.0), w
provided the original work is properly creditedevolution (LTE) uplink and other cooperative networks, to
obtain higher multiuser diversity gain [3]. To address future
increased demand, the combination of MU-MIMO net-
works and D2D underlaying communications, as a novel
research field, can further improve spectral efficiency and
increase the number of access users [4,5]. The relatively
sparse literature only focuses on a single D2D pair reusing
a cellular user equipment (CUE) resource, and the scenario
where multiple D2D pairs reuse resources with CUEs in
the MU-MIMO uplinks has not been widely investigated.
In this work, we divide CUEs and D2D pairs into several
clusters. Each cluster has a certain number of CUEs and
D2D pairs. For maximizing the system rate, there are three
key issues related to the system optimization problem, i.e.,
1) how to mitigate the serious in-cluster interference, 2)
how to determine which D2D pairs and CUEs are clustered
together, and 3) how to allocate appropriate resources to
the clusters.
The investigated communication pattern will cause
excessive and serious interference in the network, in-
cluding D2D links to cellular links and cellular links tocle distributed under the terms of the Creative Commons Attribution License
hich permits unrestricted use, distribution, and reproduction in any medium,
.
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performance, the effective methods of interference man-
agement in D2D communication underlaying cellular
networks include power control [7-10], resource alloca-
tion [11-18], interference awareness [19-21], and precod-
ing [22]. Xing and Hakola [8] employ LTE open-loop
and closed-loop power control schemes in a D2D sce-
nario. The resource allocation problem is solved by an
iterative combinatorial auction method in [14]. By iden-
tifying interference, Min et al. [21] propose interference-
limited areas of D2D pairs to prohibit them from reusing
resources with CUEs if the interference at D2D receivers
is greater than a threshold. In MIMO transmission, the
interference alignment (IA) technique, which is an
effective precoding mechanism that can align the inter-
ference at the receiver together to improve receiving
signal-to-interference-plus-noise ratio (SINR), has attracted
substantial attention in recent years [23-25]. As the
earliest research about IA, Cadambe and Jafar [23]
provide a linear precoding codebook design in K-user
interference channels.
Furthermore, the second issue in clustering and the third
issue in resource allocation are coupled with each other. It
is thus necessary to jointly study them. Recently, increas-
ingly more works about jointly considering various
optimization issues have been discussed [11,17,26-28] and
have been shown to further improve system performances.
In [27], the authors analyze optimum power control and
resource allocation with different sharing modes between
CUEs and D2D pairs in a single-cell scenario. Generally,
these types of problems are too hard to directly solve, i.e.,
NP-hard problems [29,30]. An optimal and direct solution
to these problems is exhaustive searching, which is used
as a benchmark in our paper. In this work, we attempt
to design low-complexity suboptimal algorithms for
joint user clustering and resource allocation optimization
programming. Heuristic greedy algorithms [26], reverse
iterative combinatorial auction approaches [14,28], and
D2D pair association vector search algorithms [5] are some
examples of effective solutions to the NP-hard problem.
The inspiration of Xu et al. [28] comes from game theory.
The study sets the resources and D2D links as bidders and
goods and then conducts a price iteration process. Its
result can converge in a finite number of rounds and
is better than random allocation, but it exhibits some
performance loss.
1.1 Our contribution
According to the studies mentioned above, we perform
the contributions as following:
(1)We consider multiple D2D pairs reusing resources
with CUEs in the MU-MIMO uplink system and
formulate the joint user clustering of CUEs andD2D pairs and resource allocation optimization
programming.
(2)We employ a linear IA technique in the scenario to
eliminate interference inside clusters, and we then
propose evaluation comparisons between the schemes
with IA and without IA which is the traditional
multiplex scheme.
(3)A two-step optimization algorithm is designed to
first reduce the search space, thereby decreasing
the search difficulty, and then obtain the solution
using a branch-and-bound searching (BBS) algorithm.
To further reduce the complexity for practical com-
munications, we propose a location-based algorithm
that divides a single cell into an inner round employing
the IA scheme and an outer circle employing the
multiplex scheme.
The simulation results first show that the IA and
multiplex schemes acquiring user clustering gains out-
perform the orthogonal scheme without employing user
clustering. The IA scheme outperforms the multiplex
scheme in a large range of the D2D user equipment
transmit (DUE-TX) power. Second, the two-step algo-
rithm exhibits minimal losses compared to the optimal
exhaustive search. The proposed location-based algorithm,
whose performance is near optimal under low practical
complexity, exhibits a good trade-off between perform-
ance and complexity. Third, it is better to keep the dis-
tance between D2D users sufficiently small to obtain a
better system performance. Finally, the appropriate inner
round radius r0 of the location-based algorithm monoton-
ously increases with increasing DUE-TX power. With high
DUE-TX power, a large r0 is more suitable.
The remainder of this paper is organized as follows. Sec-
tion 2 generalizes the scenario’s system and signal models
in the IA scheme and multiplex scheme. We then deduce
the SINR expressions. Section 3 proposes the objective and
constraint conditions of the joint resource allocation and
clustering programming. In Section 4, a two-step algo-
rithm and a location-based algorithm are proposed in de-
tail. Section 5 presents the numerical results, complexities,
and analysis. A further discussion is demonstrated in
Section 6. Finally, conclusions are shown in Section 7.
1.2 Scenario description and symbol notations
As shown in Figure 1, our research focuses on uplink
transmission in a single cell, where a total of Kc CUEs and
Kd D2D pairs share Krb frequency resource blocks (RBs).
The BS is equipped with Nr antennas, while all users are
equipped with Nt antennas (Nt <Nr). A D2D pair consists
of a DUE-TX and a D2D user equipment receiver (DUE-
RX). The interference in the investigated scenario is so
complicated, including DUE-TX to BS, CUEs to DUE-RX,
and DUE-TX to DUE-RX of other D2D pairs. Power
Figure 1 D2D communication underlaying cellular networks in a single-cell uplink scenario, where Nc CUEs and Nd DUEs simultaneously transmit.
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powers are equal and set to PD. In the clustering course,
each user cluster will consist of Nc CUEs chosen from
Kc CUEs and Nd D2D pairs chosen from Kd D2D pairs.
The sets of CUEs in user clusters, named CUE subclusters,
are denoted as ℂk ¼ C1;…;CNcð Þj1≤C1≤…≤CNC≤Kcf g .
Dl ¼ D1;…;DNdð Þj1≤D1≤…DNd≤Kdf g denotes the sets
of D2D pairs, named DUE subclusters. Here,
k 1≤k≤Nall:c ¼ CNcKc
 
; l 1≤l≤Nall:d ¼ CNdKd
 
are the indices
of CUE subclusters and DUE subclusters, respectively,
where Cpq ¼ q!= p! q−pð Þ!ð Þ. The users in the same cluster
are assigned the same resources. Each RB consists of M
subcarriers. We assume that each cluster can occupy any
number of RBs from 0 to Krb, and its occupied RBs must
be adjacent. Thus, there are Nall. rb =Krb(Krb + 1)/2 + 1 dif-
ferent resource patterns meeting the requirement [31].
ℝn(1 ≤ n ≤Nall. rb) denotes the n-th resource pattern, where
ℝ1 is the empty resource pattern. Moreover, none of the
resources are permitted to be assigned more than one
cluster, and we define that the clusters that are assigned
resources cannot contain the same user. The channel
we consider includes large-scale path loss related to user
position and small-scale path loss related to subcarrier and
antenna.
Uppercase boldface letters denote matrices and lower-
case boldface letters denote vectors. Similarly, span(X),
rank(X), and vec(X) denote the column space, rank, and
vector obtained by stacking the columns of matrix X, re-
spectively. The superscripts ⊗, (·)T, (·)H, and (·)-1 denote
the Kronecker product, transpose, Hermitian transpose,
and matrix inversion, respectively. (·)+ sets the negative
elements of a vector to 0, and In denotes the identitymatrix. Other key mathematical notations used in the
paper are listed in Table 1.2 System model
In this section, we first introduce a traditional D2D under-
laying MU-MIMO uplink scenario employing a multiplex
scheme. After deducing a cluster’s received SINRs with
minimum mean-square error (MMSE) frequency-domain
equalization, we calculate its sum throughput. Then, we
formulate the precoding and decoding process of the sce-
nario using IA and give some feasibility conditions and de-
rive the total throughput.2.1 D2D underlaying MU-MIMO systems using a multiplex
scheme
In this scheme, each antenna transmits an independent
data stream. With regard to the BS, all CUE signals are
target signals. The BS employs MMSE frequency-domain
equalization [31] for multiuser receiving to distinguish dif-
ferent target signals. Compared to the zero-forcing (ZF)
method for multiple user detection, MMSE is able to obtain
a good trade-off between the performance of interference
mitigation and noise amplification. There is no interference
between CUEs. The transmit symbol vector of CUEs
can be estimated. The received signals at the m-th






















Table 1 Mathematical notations
Notation Physical interpretation
Krb Denotes the number of all available time-frequency RBs
Kc, Kd Denote the number of CUEs or D2D pairs in a cell
Nc, Nd Denote the number of CUEs in a CUE subcluster and the number of D2D pairs in a DUE subcluster
Ci Denotes the label of CUE in a CUE subcluster, where i varies from 1 to Nc
Dj Denotes the label of D2D pairs in a DUE subcluster, where j varies from 1 to Nd, and each D2D pair includes a Dj − Tx and Dj − Rx
smCi ; s
m
Dj Denote the transmitted signal transmitted at the m-th subcarrier, and the subscript indicates the source of the signal
ECi ; EDj Denote the diagonal matrix of the multiantenna transmit power, where the subscript indicates the source of the signal
Hmi;j Denotes the Rayleigh channel matrix from node j to node i over the m-th subcarrier, with 0 mean and unit variance
Li,j Denotes the diagonal matrix of the path loss from node j to node i
ri,j Denotes the distance between node j and node i
nmBS; n
m
Dj Denote the additive white Gaussian noise (AWGN) on the m-th subcarrier

























smCi þ nmDj :
ð2Þ
For BS receiving, for conciseness, the combined target





















Then, the received signal at the BS at the m-th sub-










smDj þ nmBS: ð5Þ






 H þ ZmBSINrNr −1; ð6Þ
where INrNr is denoted as the unit diagonal matrix and








where σ2Bs is the average power of nBS. Then, the SINR
of the p-th data stream (p = 1,…Nt ×Nc) at the m-th sub-











 H þ YmBS YmBS H þXNdj¼1WmBSΗmBS;DjLBS;D
where the target receive signal after MMSE is
DmBS ¼ diag WmBSHmBS
	 
 ð9Þ
and its corresponding received power is in the numer-
ator of (8). In the denominator, the generated noise is
composed of white noise, the interference from the
other data streams of the CUEs, and the interference
from D2D data streams. The interference from the other
data streams of the CUEs is shown below
YmBS ¼ WmBSHmBS−DmBS: ð10Þ
Similarly, for DUE-RX receiving, we write the target












































(13) presents the combination of noise and interfer-
ence that originate from CUEs and other D2D pairs in
terms of DUE-RX. Subsequently, the SINR of the q-th
data stream (q = 1,…,Nt) of the j-th DUE-RX at the m-th











































where the target receive signal after MMSE is
DmDj ¼ diag WmDjHmDj
h i
ð15Þ
and its corresponding received power is in the numerator
of (14). In the denominator, the generated noise is com-
posed of white noise, the interference from the other data
stream of the same D2D pair, the interference from the
data streams of the other D2D pairs, and the interference
from CUE data streams. The interference from the other
data streams of the same D2D pair is shown below:
YDj ¼ WmDjHmDj−DmDj : ð16Þ
Because there exist M continuous subcarriers in an
RB, the post-processing SINR of the p-th data stream









and the post-processing SINR of the q-th data stream









Hence, the throughput of the k-th CUE subcluster and













2.2 D2D underlaying MU-MIMO systems using the IA scheme
2.2.1 Signal model through IA
This multiplex scheme is simple and can be easily imple-
mented without channel state information (CSI) feed-
back, but it has no interference mitigation mechanism
and thus results in a degraded performance. We utilize a
linear IA mechanism for the clusters. To provide suc-
cessful receiving, we assume each transmitter only sends
a data stream to its corresponding receiver. Thus, each
receiver can see Nc +Nd independent data flows. DUE-
RX should align Nc +Nd – 1 interfering flows to a cer-
tain space to enlarge the space of the target flow. In
term of the BS, Nc independent spaces are required to
receive Nc target flows.
The receiving signal at the m-th subcarrier of BS and














































a∈ BS;D1;…;DNdf g; b∈ C1;…;CNc ;D1;…;DNdf g;
ð24Þ
where P represents the IA-normalized precoding matrix.
Subsequently, by applying a ZF algorithm for decoding,
the interference spaces will be set to 0 and the target









ymDj ¼ UmDjGmDj;DjQmDjsmDj þUmDjnmDj ; j ¼ 1;…;Nd; ð26Þ
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m
Dj j ¼ 1;…;Ndð Þ are the interference-
nulling matrices at the BS and DUE-RX. The precoding
and decoding matrix designs will be described later.
After ZF decoding, the post-processing SINR of the j-th
































where the MMSE is added at the BS receiver after de-











The throughput of the k-th CUE subcluster and the












2.2.2 Limitation and feasibility of the scenario using IA
The basic condition of feasible IA is shown in [25]. The
feasibility is mainly related to the user number, antenna
number, and data stream number which preform inter-
action to each other. In this scenario, it can be trans-
formed as
UþaHa;bQb ¼ 0; ∀a≠b0; ð32Þ
rank Uþb0Hb0;bQb
  ¼ DOFb; ð33Þ
a; b0∈ BS;D1;…;DNdf g; b∈ C1;…;CNc ;D1;…;DNdf g:
ð34Þ
where b ′ denotes the target of b and a is not the target
of b. DOF is the degree of freedom representing the
number of data streams in the b-th link. Yetis et al. [25]
utilize Bezout’s theorem to determine whether the sys-
tem is feasible. It presents that if the system is feasible,
the number of equations must be less than or equal to
the number of variables.
In future, the BS has enough ability to possess more
antennas. Thereby, there can be more spaces to storeinterference at the BS. In this first analysis, we assume
the BS uses Nb spaces to align Nd interference, while
each DUE-RX uses one space to align Nc +Nd – 1 inter-
ference. The interference aligning to the D2D receivers
can be expressed as
span Ha1;b1Qb1
















¼ … ¼ span HaNd ;bβQbβ
 
¼ …





where β represents the subscript of the user set of the
transmit side. The number of precoding matrix is Nc +
Nd, and the number of uncorrelated equations for D2D
receivers is Nd(Nc +Nd – 2). In terms of BS, there are
Nd −Nb uncorrelated equations. The overall system is
solvable if and only if Nc +Nd ≥Nd(Nc +Nd − 2) +Nd −
Nb. Since Nb ≥ 0, Nd being set to 1 can acquire feasible
cases no matter which Nc is. If Nd denotes larger than 1,
then






Nd−1ð Þ Nc þ Ndð Þ−Nd ≤Nb: ð37Þ
As (36) and (37) show, if Nb = 1, the feasible combina-
tions do not exist. If Nb = 2, then the only two feasible
cases are Nc = 1, Nd = 2 and Nc =Nd = 2. In normalization,
a relatively lower bound of Nb will be satisfied when Nc =
Nd which is without loss of generality. Then, (37) is trans-
formed into Nc =Nd ≤Nb. That means BS must use at
least Nd spaces to align interference. Besides, BS acquires
Nc target signals. Combining the target and interference
spaces, the total antenna number of BS, Nr, must be at
least Nc +Nd for a feasible system.
It can be inferred that the more antenna number is,
the more users the system can contain. If we assume
D2D receivers have more spaces to align interference,
the minimum implementation needs to be figured out
for a feasible system. In the second analysis, we use a
method similar to [25] to evaluate the relation between
Nt and Nd. We add the influence of antenna. The num-
ber of equation is




0∈ BS;D1;…;DNdf g; b∈ C1;…;CNc ;D1;…;DNdf g:
ð38Þ
We assume each user transmits a data stream at one
time. That means its DOF is 1. Also, BS receives Nc data
streams simultaneously so its DOF is Nc. The equation
number is
Ne ¼ NcNd þ NcNd þ Nd−1ð ÞNd; ð39Þ
where the terms are respectively DUE-TX to BS, CUE to
DUE-RX, and DUE-TX to the other D2D pairs’ DUE-RX
in a cluster. Next, after removing the superfluous vari-
ables, the effective variable number for each user is Nu =
Nt − 1, while the BS’s is Nv =Nc(Nr −Nc). The inequality
must be satisfied which is shown below
Ne≤ Nc þ Ndð ÞNu þ NdNu þ Nc Nr−Ncð Þ;
NcNd þ NcNd þ Nd−1ð ÞNd≤ Nc þ 2Ndð Þ Nt−1ð Þ þ Nc Nr−Ncð Þ;
Nc þ Ndð Þ2 þ Nc þ Nd≤ Nc þ 2Ndð ÞNt þ NcNr:
ð40Þ
The deriving result of (40) is the general restricted re-
lation between user number and antenna number in the







As (41), the feasible user antenna number increases
linearly with D2D user number. As long as there is
enough antenna number, the more satisfied users can be
accommodated in the system. IA has a great potential to
increase the number of users. The feasible implementa-
tions for a practical Nc =Nd system of the investigated
scenario are Nr =Nc +Nd and Nt ≥ (2Nd + 2)/3. It is
worth noting that these two conditions are the sufficient
but not the necessity conditions of feasible IA in the in-
vestigated scenario.
2.2.3 Precoding and decoding designs
The linear precoding and decoding codebook designs
are related to specific scenario parameters, particularly
the number of users and antennas. Cadambe and Jafar
[23] state that each receiver should use at least one an-
tenna to receive a target signal and at least one antenna
to receive the interference. We select a group of the
feasible implementation from the last section. As the
standard implementation in 3GPP LTE [32,33] presents,
the BS is configured with 4 with antennas, i.e., Nr = 4,
and each user is configured with 2 antennas, i.e., Nt = 2.
As a simple example, we assume Nc =Nd = 2 in a cluster.The parameters submitting formula (40) are general in
practical usage.
Using the above parameter setting, three interference
signals seen by each DUE-RX are aligned into a signal
space. Thus, the transmitter strategy is to select beam-



















where span(A) stands for the vector space spanned by
the column vectors of the matrix A. Then,
QmC2 ¼ GmD2;C2−1GmD2;C1QmC1 ; ð44Þ
QmD1 ¼ GmD2;D1−1GmD2;C1QmC1 ; ð45Þ


















D2 can be similarly determined.
After deriving precoding matrices, the corresponding
ZF decoding matrices also need to be derived to preserve











D2 have been aligned
in the same space, we select any one of them and then use
SVD decomposition, i.e., GmD1;C1Q
m
C1 ¼ U1ΛV½  . We take
the second column of U1, which is denoted as U1
(2). Then,












serve the target signal and eliminate the interference signal.
Similar to D1, UmD2 can be derived. In terms of the BS re-
ceiving the C1 signal, after using SVD decomposition to ob-
tain GmBS;C1Q
m
C1 ¼ U2ΛV½ , we select the second, the third,
and the fourth columns as U2
(2–4), and UmC1 is (U2
(2–4))T. To




C2 ¼ U3ΛV½  , then, we
set UmC2 is (U3
(3–4))T.
3 Formulation of joint user clustering and
resource allocation problem
The prior section presents the cluster throughput calcu-
lation of each RB in the multiplex (19) and IA (31)
schemes. Regardless of the employed scheme, the object-
ive is to maximize the overall system throughput via
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ing the optimization problem, we need to derive the




tk;l;rb; ∀k; l: ð48Þ
The indicator xk,l,n = 1 represents that the n-th resource
pattern is assigned to the CUE subcluster ℂk and DUE
subcluster Dl ; otherwise, xk,l,n = 0. If n = 1 and xk,l,n = 1, it
means that there is no resource assigned to this cluster;
thus, t ' k,l,1 = 0. Mathematically, the optimization problem




























ℂk1∩ ℂk2 ¼ ∅; k1≠k2 ðdÞ
Dl1∩ Dl2 ¼ ∅; l1≠l2 ðeÞ
ℝn1∩ ℝn2 ¼ ∅; n1≠n2 ðfÞ
The descriptions of constraints (a) to (f) are as follows:
(a) indicates that each CUE subcluster can share a
resource allocation pattern, including an empty resource
pattern, with at most one DUE subcluster;
(b)indicates that each DUE subcluster can share a resource
allocation pattern, including an empty resource pattern,
with at most one CUE subcluster;
(c) indicates that each resource allocation pattern, except
the empty pattern, can only be allocated to at most
one CUE subcluster and one DUE subcluster;
(d)guarantees that each CUE can only be selected by one
CUE subcluster. k1 and k2 represent the indices
of the selected CUE subclusters that are allocated
resources;
(e)guarantees that each D2D pair can only be selected by
one DUE subcluster. l1 and l2 represent the indices
of selected DUE subclusters that are allocated
resources;
(f ) guarantees that each RB is only allocated to a cluster.
n1 and n2 represent the indices of the employed
resource pattern.The joint optimization used to maximize the overall
rates of the CUEs and DUEs sharing the same resources
is a typical discrete optimization problem and must be
non-convex. The usual method to obtain the optimal re-
sult of such types of problem is exhaustive searching
which is extremely difficult, i.e., NP-hard [29,30]. Be-
cause xk,l,n is 0 or 1, the problem can be transformed as
a standard binary-integer programming problem. In this
paper, we utilize low-complexity heuristic algorithms to
obtain approximately optimal results that do not have
much loss of performance compared to the optimal one.
4 Joint user clustering and resource allocation
algorithms
In this section, we first present the standard binary-
integer programming of the optimization problem and
subsequently develop a two-step algorithm to solve it.
Finally, a location-based algorithm is provided to obtain
a good trade-off between performance and complexity.
4.1 Standard binary-integer programming form
Define a Nall. cNall. dKall. rb × 1 user clustering and re-
source allocation vector and a Nall. cNall. dKall. rb × 1
normalized throughput vector whose elements are cal-
culated by (48) as
x ¼ ½x1;1;1;⋯; x1;1;Nall;rb ;⋯; x1;Nall;d ;1;⋯; x1;Nall;d ;Nall;rb ;
x2;1;1;⋯; x2;1;Nall;rb ;⋯; x2;Nall;d ;1;⋯; x2;Nall;d ;Nall;rb ;⋯
xNall;c;1;1;⋯; xNall;c;1;Nall;rb ;⋯; xNall;c;Nall;d ;1;⋯;
xNall;c;Nall;d ;Nall;rb T
ð50Þ
t ¼ ½t01;1;1;⋯; t01;1;Nall;rb ;⋯; t01;Nall;d ;1;⋯; t01;Nall;d ;Nall;rb ;


















Rx ≤1 NcNdNrbþKcþKdð Þ1 ð53Þ
where R is a (NcNdKrb + Kc + Kd) ×Nall. cNall. dNall. rb
constraint matrix containing only 0 and 1. This matrix
can be expressed as








The first bar represents the extended resource con-
straint matrix used to ensure the constraints (c) and (f )
of (49), where J is a (NcNdKrb) ×Nall. rb resource pattern
matrix for each cluster. Because there are Nc CUEs and
Nd D2D pairs in a cluster utilizing the same resource
pattern, J can be expressed as
J ¼ 1 NcNdð Þ1⊗T; ð55Þ
where T is a Krb ×Nall. rb basic resource pattern matrix
used to list all types of adjacent resources, including an
empty pattern. The second bar represents the extended
CUE constraint matrix used to ensure the constraints (a)
and (d) of (49), where F is a Kc ×Nall. c CUE subcluster
matrix for a fixed resource allocation pattern and a fixed
DUE subcluster. The third bar represents the extended
DUE constraint matrix used to ensure the constraints
(b) and (e) of (49), where N is a Kd ×Nall. d DUE sub-
cluster matrix for a fixed resource allocation pattern and
a fixed CUE subcluster. For example, Nc =Nd = 2, Krb =
6, and Kc = Kd = 12 is a group of example parameters in
this paper; thus, there are Nall. c = Kc(Kc − 1)/2 different
types of CUE subcluster and Nall. d = Kd(Kd − 1)/2 differ-
ent types of DUE subcluster. Then,
F ¼ N ¼
1 1 ⋯ 1 0 0 ⋯ 0 0
1 0 ⋯ 0 1 1 ⋯ 0 0
0 1 ⋯ 0 1 0 ⋯ 0 0
0 0 ⋯ 0 0 1 ⋯ 0 0
⋮ ⋮ ⋯ ⋮ ⋮ ⋮ ⋯ ⋮ ⋮
0 0 ⋯ 0 0 0 ⋯ 0 0
0 0 ⋯ 0 0 0 ⋯ 1 0
0 0 ⋯ 0 0 0 ⋯ 0 1







0 1 0 0 0 0 0 1 0 0 0 0 1 0
0 0 1 0 0 0 0 1 1 0 0 0 1 1
0 0 0 1 0 0 0 0 1 1 0 0 1 1
0 0 0 0 1 0 0 0 0 1 1 0 0 1
0 0 0 0 0 1 0 0 0 0 1 1 0 0
0 0 0 0 0 0 1 0 0 0 0 1 0 0
2
6666664An exhaustive search is a straightforward and basic
algorithm used to find the optimal solution of binary-
integer programming problems. However, it is overly
complex and impractical in real-world scenarios.4.2 Two-step algorithm
To reduce the complexity, we propose a two-step
optimization algorithm. In this algorithm, an exhaustive
search algorithm is first used to find the optimal user
cluster at each RB. Then, we reserve the elements in
(51) that contain the users in RBs’ optimal clusters and
abandon the remainder. Based on such a reduced-
dimension CUE subcluster subset and DUE subcluster
subset, we implement the BBS algorithm [31] to realize
the joint optimization.
Let us use an example to illustrate the advantage of re-
ducing the search space by utilizing a two-step algo-
rithm. When Kc = Kd = 12 and Krb = 6, the extreme case
is that 6 CUE and 6 DUE subclusters will be selected to
form the reduced-dimension CUE subcluster subset and
DUE subcluster subset. Clearly, the dimension of such a
CUE subcluster subset is substantially smaller than that
of the full CUE subcluster set, i.e., Nall. c = 66. The same
effect will occur in the DUE subcluster. Consequently,
the search space for the optimization can be reduced,
thereby decreasing its complexity.
The pseudo-code of the algorithm is shown in Table 2,
where k and l denote that the k -th CUE subcluster and
l -th DUE subcluster are the most suitable for rb. K and
L denote the CUE subcluster subset and DUE subcluster
subset, respectively. S represents the index set of all
combinations between k^ from K and l^ from L. x^S de-
notes the target vector of user clustering and resource
allocation.4.3 Random clustering scheme based on distance
(location-based algorithm)
When there are a large number of CUEs and DUEs in
the cell, the computation is quite complex when using
exhaustive searching or the two-step algorithm. Therefore,
we propose a novel location-based algorithm to randomly0 0 1 0 0 1 0 1
0 0 1 1 0 1 1 1
1 0 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 0 1 1 1 1 1





Table 2 Low-complexity suboptimal two-step algorithm
Two-step algorithm
1. Initialization: S =∅, K =∅, L =∅
2. Clustering Procedure:
3. For each resource pattern with only one RB rb ∈ {1,2,…,Krb}
4. Find the CUE sub-cluster and DUE sub-cluster k ;l
  ¼ arg max
k;lf g
tk;l;rb
5. K ¼ K∪ k
6. L ¼ L∪ l
7. End
8. Searching Space Reduction Procedure:
9. For each k^∈K ; l^∈L sets
10. s0 ¼ ij k^−1
 
 Nall;dNall;rb þ l^−1
 
 Nall;rb þ 1≤i≤ k^−1
 
 Nall;dNall;rb þ l^  Nall;rb
n o
12. S = S ∪ s0
13. End
14. Joint Solution Procedure:
15. Obtain the reduced-dimension optimization problem




, s.t. R:;SxS ¼ 1 NcNdNrbþKcþKdð Þ1
17. Find its solution based on the BBS algorithm
18. Return xs
19. End
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criterion to assemble a user cluster.
The cell is divided into two areas by a circle of radius
r0, as shown in Figure 2. The area inside the circle is de-
noted as A, and the area outside the circle is denoted as
B. Multiplex (Section 2.1) and IA (Section 2.2) schemes
are employed in those respective areas. The users are
randomly distributed in the cell. Users in area A and
area B are independent and are randomly combined into
clusters. In a cluster, Nc and Nd are equal to 2. Each user
is only clustered in one group. We set each user’s antenna
number as Nt = 2. Each user in area A transmits a single
data stream, whereas each user in area B transmits two data
streams. The employed resource assignment is a random
scheme, and the RBs used in different areas are orthogonal.
We can suppose that there will be greater opportunity to
assign resources for the area that is larger. All the RBs are
fully exploited to support as many users as possible.
We assume that area B is divided into six equal sec-
tions, denoted by B1 to B6, as illustrated in Figure 2.
The main in-cluster interference is between D2D pairs
and between CUEs and D2D pairs. Two D2D pairs and
two CUEs are randomly located at three non-adjacent
sections so that the mutual interference can be reduced
to a low level. We select two D2D pairs from two of the
three non-adjacent sections and two CUEs from the
remaining section. Then, we combine these users into a
cluster, which is employed in the multiplex scheme.
In area A, the mutual interference cannot be neglected
because the distance between the CUEs and D2D pairsis not sufficiently large. Therefore, the IA scheme is
adopted. The area does not need to be divided because
the mutual interference is nearly non-existent when the
IA scheme is used.
Next, we define r0 and PD, where PD is the maximum
transmit power of the D2D transmitter. We employ a
type of dynamic power control to adjust the CUE’s up-
link transmit power Pc to the target SINR (the smallest
SINR satisfying quality of service (QOS) requirements),
while all of the D2D communications are being per-
formed with a fixed transmission power PD. The initial
Pc is set at the maximum 23 dBm. The location-based
algorithm’s procedure is described in detail in Table 3.5 Simulation results
In this section, we present the performance of the pro-
posed algorithms and other comparison schemes. For
simplicity, we consider a single-cell scenario with various
simulation parameters based on the 3GPP LTE standard
[32,33], which are listed in Table 4. In this scenario, we
employ IA, multiplex, and orthogonal schemes, each of
which considers optimal, two-step, and random algo-
rithms. The location-based algorithm is also considered.
The orthogonal scheme is the mechanism whereby each
CUE or D2D pair utilizes an independent orthogonal re-
source, where Krb,c and Krb,d are the numbers of resources
for the CUE and D2D pairs. The random algorithm indi-
cates that user clustering and resource allocation are ran-
dom. We attempt to consider various factors, including
Figure 2 Location-based architecture in a single-cell scenario containing two areas using IA and multiplex schemes.
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distance, and inner round radius.
5.1 Effect of D2D transmit power
Figure 3 illustrates the average capacity versus the DUE
transmit power for various schemes, where the distance
between D2D pairs is 20 m and the inner round radius
of the location-based algorithm is 300 m. In the figure,
the multiplex and IA scheme simultaneously allocate
each RB to two CUEs and two D2D pairs. In addition,
the orthogonal scheme allocates one third of the RBs to
CUEs, whereas the remaining RBs are allocated to the
DUEs, and each RB is shared by two CUEs or by one
pair of DUEs. Initially, in addition to the location-based
algorithm, the average capacities of the IA and orthog-
onal schemes monotonously increase with increasing
DUE transmit power. In regard to the multiplex scheme,
although the useful received power increases with in-
creasing DUE transmit power, the interference power
also increases; therefore, the performance trend does not
vary with the DUE transmit power. The IA and multi-
plex schemes using user clustering outperform the or-
thogonal scheme, which does not use user clustering.
Additionally, when the DUE transmit power is higher
than 0 dBm, which means a large power range in prac-
tical implementation, the IA scheme outperforms themultiplex and orthogonal schemes in both the two-step
and optimal algorithms.
As shown in Table 5, the two-step algorithm (polyno-
mial complexity) is less complex than the optimal algo-
rithm (exponential complexity). For a typical example of
Krb = Kc = Kd = 4 and Nc =Nd = 2, the search complexity
of the two-step algorithm is 144, whereas that of the op-
timal algorithm is approximately 1.6E6. When Krb = 6
and Kc = Kd = 12, the search complexities of the two-step
and optimal algorithms are 2.6E4 and 6.8E21, respect-
ively. Obliviously, the growth in the optimal algorithm’s
complexity is greater.
Figure 3 also shows that regardless of whether the
scheme is an IA, multiplex, or orthogonal, the two-step
algorithm has an average capacity that is similar to the
optimal algorithm, and both of them outperform the
random algorithm. In summary, the proposed two-step
algorithm exhibits not only a higher average capacity but
also a lower complexity. Nevertheless, the performance
of the location-based algorithm, which employs a ran-
dom algorithm, is greater than that of any other scheme
using a random algorithm, and it is closer to that of the
two-step algorithm in the multiplex and IA schemes.
The complexity of the location-based algorithm is linear,
which is considerably lower than that of the two-step al-
gorithm and is equal to that of the random algorithm.
Table 4 Simulation parameters
Carrier frequency: 2 GHz Macro cell radius R: 500 m
Number of CUEs per cell Kc: 12 Number of D2D pairs per cell Kd: 12
CUE and DUE distribution: uniform Clustering mode: 2 CUEs + 2 D2D
pairs
IA precoding mode: 1 stream per
user
Multiplex mode: 2 streams per user
Krb: 6 Number of subcarriers per RB, M: 12
System bandwidth: 1.4 MHz Subcarrier spacing: 15 kHz
Multiplex equalizer: MMSE Small-scale channel: complex
Gaussian channel
User antenna number: 2 BS antenna number: 4
Macro UE path loss: 128.1 + 37.6
log10 (d[km])
D2D path loss: 148 + 40 log10
(d[km])
CUE target SINR: 5 dB Noise power density N0: − 174
dBm/Hz
Table 3 Location-based algorithm
Location-based algorithm
1. Initialization:
Randomly distribute CUEs and D2D pairs in a cell and calculate their
distances to the center of the BS. Determine the value of r0 between 0
and the radius of the cell
2. Divide users into four groups according to r0, ACUE, AD2D, BCUE, and BD2D
3. In area A or B, users randomly constitute clusters (the clustering in
area B must satisfy the distance criterion), and each cluster consists
of two CUE users and two D2D pairs
4. For each RB
5. Randomly choose a cluster in the cell and determine whether it is
in area A or B
6. Calculate the large-scale loss in this cluster
7. Case user to BS: 128.1 + 37.6 * log10(d[km])
8. Case user to user: 148 + 40 * log10(d[km])
9. Set the initial transmit power according to area A or B: PC1, PC2, PD1, PD2
10. Do
11. For each subcarrier (SC)
12. Generate small-scale loss H: multiplex Gaussian with zero
mean unit variance
13. If cluster in area A
14. Interference Alignment - Equations (20)-(26), (42)-(47)
15. Else cluster in area B
16. Multiplex Scheme - Equations (1)-(16)
17. End if
18. End SC
19. Calculate SINR in this RB: Equations (27) to (30) for IA
20. Equations (17) and (18)for Multiplex;
21. While SINR does not meet the target, Power Control, then jump 10
22. End each RB
23. Calculate sum throughput
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dom algorithm cannot become optimal simultaneously
because a conflict always exists between performance
and complexity. However, the location-based algorithm
can achieve a good trade-off between these two criteria.
5.2 Effect of distance between D2D pairs
Figure 4 presents the average capacity versus the DUE
transmit power for various schemes and for different
distances between DUE-TX and DUE-RX in a D2D pair
(i.e., 10, 20, and 30 m). In this case, the inner round ra-
dius in the location-based algorithm is 300 m. The aver-
age capacity increases with increasing DUE transmit
power. A shorter D2D mutual distance results in a su-
perior performance for all schemes because the DUE re-
ceivers experience lower interference when the distances
between D2D pairs decrease. In addition, the perform-
ance of the location-based algorithm is close to that of
the IA using the two-step algorithm when the D2D mu-
tual distance is small, whereas the performance remains
close to that of the IA scheme using the random algo-
rithm if the D2D mutual distance is large. These results
occur mainly because SINR decreases with increasing
path loss resulting from the increase in the D2D pair
mutual distance and vice versa (in this scenario, interfer-
ence remains invariant; however, the signal decreases
rapidly compared to the interference variance). The
simulation results imply that it is better to keep the dis-
tance between D2D users sufficiently small for the sake
of good performance.
5.3 Effect of the inner round radius
Figure 5 presents the average capacity versus the DUE
transmit power using the location-based algorithm for
different inner round radii, where the D2D pair mutual
distance is 20 m. Different radii lead to different perfor-
mances. For example, when the DUE transmit power is
5 dBm, r0 = 300 m provides the best performance,
whereas r0 = 500 m provides the worst performance.
This is mainly because the performance is determined
by the inner part, whose performance decreases with in-
creasing r0, and the outer part, whose performance in-
creases with increasing r0. Therefore, an appropriate r0
position can likely be determined to maximize the per-
formance, but this position varies when the DUE transmit
power is varied. The appropriate r0 position monoton-
ously increases with increasing DUE transmit power. With
high DUE-TX power, a large r0 is more suitable.
Figure 6 presents a CDF plot to illustrate the dynamic
range and the scale of the throughput. DUE transmit
power is set as 5 dBm in the proposed and comparative
schemes. The location-based algorithm and the IA scheme
using the random algorithm have similar dynamic ranges,
whereas the multiplex scheme using the random algorithm
Figure 3 Average overall capacity of different transmission schemes and corresponding algorithms versus the DUE transmit power.
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multiplex scheme using the random algorithm, the
location-based algorithm is fairer to the user. In terms of
the scale of the throughput, the location-based algorithm
with r0 = 200, 300, and 400 m outperforms the IA and
multiplex schemes using the random algorithm. One of
the reasons for this result is that the throughput of the
outer circle in the location-based algorithm using a double
stream is greater than that in the IA scheme using a single
stream. Another reason for this is that because the outer
circle is divided into six sections, a lower level of mutual
interference between multiplex users can occur. The re-
ceivers using the multiplex scheme using the random
algorithm will receive the complex interference, whichTable 5 Complexity comparison
Schemes IA optimal
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Schemes Multiplex optimal
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 Krbdecreases the multiplex gain. However, the location-
based algorithm can be used to minimize this influence.
Figure 7 presents a CDF plot analyzing the different
locations’ performance and distribution situations using
the location-based algorithm, where the DUE transmit
power is 5 dBm. Area A denotes the inner round using
IA, whereas area B denotes the outer circle using multi-
plex. The inner average capacity is large when r0 =
200 m because the inner CUEs are closer to the BS, i.e.,
their path losses are smaller than those of the outer
CUEs. However, in this case, the outer average capacity
is minimized when the mutual interference is strong.
Thus, the inner performance has a positive overall im-
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Figure 5 Average overall capacity of the location-based algorithm using different inner round radii r0 versus the DUE transmit power.
Figure 4 Average overall capacity under different schemes and D2D pair mutual distances ρ versus the DUE transmit power.
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Figure 7 Average overall throughput cumulative probability functions in different areas in the location-based algorithm.
Figure 6 Overall throughput cumulative probability functions in different schemes.
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capacity. This is mainly because the performance of the
outer circle is primarily determined by that of the outer
circle D2D users. The increase in the average distance
between CUEs and DUEs leads to the decrease in mu-
tual interference; therefore, the D2D SINR increases. As
a result, when r0 is large, the outer performance is bene-
ficial to the whole. Therefore, to improve the cell-edge
performance, a larger radius for the inner round can be
employed. Otherwise, the central performance can be im-
proved when the radius of the inner round is decreased.
6 Discussions
As well as [23,26], our research is based on the assump-
tion of the global CSI known by transmitters or central
BS. In terms of the IA scheme, the global CSI acquisi-
tion is an important problem and needs significant at-
tention; otherwise, it will cause signals overhead. Jin
et al. [34] provided a feedback topology design that can
be used to acquire sufficient CSI and reduce signaling
overhead. The method helps each transmitter to easily
acquire the knowledge of the CSI. However, if the CSI
condition cannot be satisfied, the IA scheme will suffer a
performance loss. Once it happens, we can only employ
statistical CSI as a replacement for instant CSI. The re-
sult will most likely be lower than the multiplex per-
formance which does not require CSI knowledge. And
this will make the IA scheme no sense.
Additionally, the IA scheme is to a great extent limited
by the number of antennas and users. The investigated
scenario is regarded as the combination of multiple ac-
cess channel (MAC) [35] and K-user [23]. But to the
best of our knowledge, there is no previous research on
joint considering of MAC and K-user scenarios. In this
paper, we mainly consider whether a feasible IA can im-
prove the system performance besides a feasibility evalu-
ation. The feasible inequality condition (40) is sufficient
but not necessary of IA. The condition is not so tight.
Furthermore, the algorithm convergence is mainly af-
fected by IA and power control in this research. The lin-
ear IA [23] is used in this paper which only requires a
few calculation steps for precoding and decoding and
cannot lead to serious signaling overhead. In order to
satisfy the feasibility of linear IA, the number of anten-
nas and users should be implemented appropriately. The
iteration method is not our concern which has few dif-
ferences with the linear method except for IA precoding
and decoding. In terms of power control, the powers are
iteratively modified by ΔP for the CUE target SINR. The
solution will converge more quickly if ΔP is bigger, but
the system will be unstable. We employ an abandon
mechanism to guarantee convergence. If the number of
iterations in an RB is more than a critical value, the corre-
sponding communications are abandoned and reallocated.This mechanism can also prevent the system from sig-
naling overhead.
The CSI acquirement, feasibility, and convergence is-
sues are very important but not completely studied in
this paper. In addition to the location-based algorithm
utilizing fractional frequency reuse (FFR) and soft fre-
quency reuse (SFR) algorithms in multiple-cell scenarios,
they will be considered in our future work.
7 Conclusions
In this paper, we consider a single-cell scenario of mul-
tiple D2D communications underlaying MU-MIMO cel-
lular uplink networks. First, we investigate IA and
multiplex schemes in user clustering. The IA scheme
can eliminate interference, and it obtains higher per-
formance than the multiplex scheme in a large range of
DUE-TX power. These two schemes can achieve higher
performances compared to the orthogonal scheme,
which does not employ user clustering. Second, we
generalize a joint optimization problem of user cluster-
ing and resource allocation to maximize the overall
throughput. To derive the solution, because the global
optimal method is an exhaustive search with very high
complexity, we propose a two-step algorithm and a
location-based algorithm to reduce the complexities with
minimal loss of performance. The location-based algo-
rithm, composed of IA and multiplex schemes, has both
the low interference advantage of the IA scheme and the
easy implementation advantage of the multiplex scheme.
The simulation results show that the proposed location-
based algorithm produces low levels of mutual interfer-
ence for multiplex users and that its performance is near
optimal under low practical complexity; therefore, it ex-
hibits a good trade-off between performance and com-
plexity. Finally, we evaluate the effect of the distance
between D2D pairs and the effect of the appropriate
inner round radius r0 of the location-based algorithm.
The results show that it is better to keep the distance
between DUE-TX and DUE-RX sufficiently small to ob-
tain a better performance and that it is more suitable to
select a larger r0 with a higher DUE-TX power condition.
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